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Fabrication Of Multi-Layered Organic Devices Using CrossUnkable 
Functional Materials Containing Organoboronic Acid Groups 

BACKGROUND OF THE INVENTION 
5 Many optical and elechonic devices, such as light-emitting diodes (LEDs), fidd-efifect 
transistors (FETs), solar cells, optical wav^ides, etc, require hi^ qualiQr organic 
multi-layasd configuration to optimise tiieir pttfo(nnances.l-3 This is because the 
ability of conducting holes/ electrons and emitting light varies dramatically among 
diffoCTl organic materials, it is necessary to use multi-layered device structure to 
10 incorporate materials wifli special fimctions into different location in a device. For 
instance^ organic or polymer light-emitting diodes (LEDs) with a stack of hole- 
, transportii® electron-transportinfe and Ii|J»t-emitting layers exhibit much anhpn"^ 
device efficiency, higher hrighlness, and better stability. Solvent-based or wet- 
procrasing techniques such as red-to-ieel printing, sateen-printing or spinhcoating are 
1 5 important febrioation techniques tiiat could bring down significantly the febrication costs 
of organic/polymer devices. However, the fibric ation of nwlti-layer device structure is 
oftffli difficult with wet-procesang technique. One typical {n^oblem of making multi^ 
l^rered structure using sohition is die solvent used for the successive lay»s can lead to 
swelling or dissolution of tiie underlying layers. 

20 

For low molecular weight organic materials, vacuum deposition is usually used for 
making xQulti-layeFed device structure. 

Since a multi-layered device structure is a critical step in fabricating highly efficient 
polymer based devices, much research effort has been devoted to tins area. 
Researohws have developed diiferent strategies to febricate multi-layered PLED 
structures using 1) polymer materials of very dijfferent sohibilily in multi-layered 
strurture, 2) plastic lamination processes or cross-linkable polymw layers, as well as 
3) chemical vapor deposition to avoid the use of solvents. Banius et al.[l] reported 
the use of fluorene triphaiylamine copolymers witii caiboxjiio acid substituents for 
the hole-transport layer, as fliese are sohible in polar solvents like DMF. but 
practically insoluble in aromatic hydrocarbons such as toluene and xylene. An 
electronrtransport and emitting fluorene polymer layer was tixea spin-coated on top of 
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Since a multi-layered device stnictuie is a critical step in fabricating highly efficient 
polymer based devices, much lesearch effort has beoi devoted to this area. 
5 Researchers have developed diffecent strategies to febricate mnlti-layered PLED 
structures using 1) polymer materials of very different solubility. 2) plastic lamination 
processes or cross-linkable polymer layers, as weU as 3) vapor deposition 
polymerization to avoid fte use of solvents. Bemius et aL[l] reported the use of 
fluoiene iriphenylamine copolymers with caxboxylic acid substiiuents for the hole- 
0 trtmspon layer, as these are soluble in polar solvents like DMF, but practically 
insoluble in aromafic hydrocarbons sach as toluene and xylene. An electron-transport 
and light-emitting fluorene polymer layer was then spin-coated on top of this layer 
using a xylene soluti<m. A double layer strucmre with sharp polymer-polymer 
interface was successfoUy produced using this method. May et aL have developed a 
> new series of aiylamine-based hole-transport polymer(23] that can only be dissolved 
fti some organic solvents such as chloroform, for use in double layer PUEDs 
fabrication. By using electron transport polymers thai are soluble in toluene, double 
layered polymer blue light emitting devices have been successfully fabricated[4]. 
Yang and his co-workersfS] recently reported a low temperature lamination method 
using a template activated surface process' to fabricate high performance double 
layer blue and red light-emitliijg PLEDs at a temperature much lower than (he Tg of 
the polymers used in thdr devic^. As an altetnative approach for making multi- 
layered polymer devices, MurataI9] rcccnUy reported a rwo-Jayered polymer Kght- 
emitting device prepared by a vapor deposition polymerization process, which has the 
advantage of solvent-free fabrication environment, good diin film uniformfqr, and 
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minimum contamination. But the fabrication cost could be a problem, and the vapor 
phase polycondeosadon reaction used in Ms experiment might be difficult to apply to 
odier polymer systems. The invaation of cross-liokable oUgo- and 
poly(diallcylfluorene)s possessing styiyl end groups [6-8J certainly opened a door for 
5 multi-layer PUED fabrication using solution processable and thermally cross-linkable 
polymeric or oligomeric materials. 

However, crosslinkable polymer mateiiais used require the attachment of crosslinkable 
funceonalities to the polymers, that usually adds the tediousness to the synthetic 
10 procedure and often encounter the difficulties in finding out the optimum content of 
crosslinkers and crosslinking conditions. In addition, in many cases thermal (at high 
temperatures) or photo initiators are necessary for the crosslinking reactions to occur. 
Not only the very reactive radicals destroy the materials' chemical stracwrc to fonn 



defecis (which are detrimental to the device's performance and lifeiimeX but ^^^^ 
15 initiator residues contaminate the mat^Is. 

It is an objective of the present invention to overcome the above mentioned disadvan- 
tages. 

It is known thai organoboronic acids undergo self-condensation (dehydration) reac 
tions under vacuum or/and heating to form «rialkyl-(or triaryl-) boroxine structure.4-6 
20 Therefore, from dl- or multi-organoboronic acids, cr^ss-linked networks would be 
expected.6 If the organic moieiy of the boronic acids is a functional group (see Figure 
1) such as. an eIectron-wi*dtawjng. electron-donaling, or light-emitting unit, then 
these network materials could be used as charge-tninsporting or Ught-cmiiting layers 
in LED's or other devices. 
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.5 n = or>1- CrossBnked networks 

R sorgaidc orgrganometaKc complex moiety Inchienng oligomer and polymer. 




Rgurel 

10 SUMMARY OF THE INVENTION 

As descriljed in Figure 1, we have auachcd organoboronic acids to variety of mole- 
cules wi* veiy different functions, such as hole transportins, electron transporting 
and Kght emitdng. Due to die self-condensadon process, the molecules will be cross- 
Bnlfed via the organoboronic groups by ihe heating process, therefore these modified 
15 materials can be used eiUier as individual layers in mulU-layer devices, or be used to 
produce new composite materials by simply mixing molecules with different func- 
tionaliiies followed by cross-linking in a single layer, e,g. cross-Knki;ig molecules 
wiUi hole-transport moiety and electron transport moiety in right ratio will render die 
composite material better charge transport properties. 

0 In this invention, we demonstrated die use of organoboronic acids as cross-h'nking 
end groups (or side groups) to immobHize the flinctional materials in a thin fiUn for 

4 
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multi-layer device fabrication. . A double layer oisanic light emiidng diode from 
CzBA and F3BA (Figure 1) has been fabricated as a testing to demonstrate that a 
multi-layered device scnicture can be easily realized using materials containing or* 
ganoboronic acid groups. Since the OLED shovm here was only used as a demonstra- 
tion» we expect this film processing technique (using organoboronic acid groups as 
end caps) can be applied to the fabrication of photovoltaic ceils, photonic multi-layer 
structures^ and any other organic electronic/optical devices which require a multi- 
playercd structure. 

In this invention (see Figure 3), the multi-layer structure consists of a glass substiate 
or any transparent substrate. The second layer is a transparent electrode, indium tin 
oxide (TTO) anode, as an example. The third layer is a hole transporting layer, CzBA, 
as an example, then an emissive layer, F3 BA, as an example, was used in the device, 
JWducJbjLl$p.func.tions_as_a electtD n»>transp Qrting layer, and finally followed by a second 
electrode, MgrAg cathode in this case . 

Procedure (doable-layer device as an example): 

1. ITO coated glass substrates were patterned using conventional photolithogra- 
phy and wet chemical etehing. The pixel size is 5mm x Smm. Thin films and 
double layer structure were prepared as described below. 

2. The CzBA thin films were spin^coaued onto plasma treated ITO from a THF 
solution (20mg CzBA/ml) at 1500 xpm for 50 sec. Xhe CzBA films prepared 
under this condition arc about 110-120 nm tiiick. Films were heated in a vac- 
uum oven at 130 "^C for two hours to complete the cross-linking reaction (the 
film could be crosslinked at room temperature-130 ""C according die chemical 
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property of this boronic acid). No thickness change was observed after the 
heat treatment (within 10% of accuracy). 

3. Then the F3BA layer was spin-coaied on the cop of cross-linked CzB A layer 
from a THF solution (20nig FaBA/ml). at ISOOrpm for 50 sec. The F3B A films 

S prepared under this condition are about 120-130 nm thick, which weie meas- 

xu^ed on separated ITO-glass substrates. Films were heated in a vacuum oven 
at 130 for two hours to complete the cross-linking reaction. The total thick- 
ness of the resulted double layer structure was 2S0 nm. that is equal to the sum 
of the thickness of individual CzBA and F3BA layers prepared on separated 
10 rro-glass substrates. This indicates strongly that the CzBA layer sustains dur- 

ing the coating of the F3BA layer. 

4. Mg:Ag (10:1) alloy electrode was prepared under high vacuum by co- 
evaporating Mg and Ag metals. 



15 RESULTS AND DISCUSSION 

Stability of photoluminescenceupon heating: 

Upon heating m a vacuum oven at 130 *C for two hours, the CzBA thin jSlms only 
show sli^t red shifts in tlie UV-vis and fluorescence spectra (Hgure 2). 
Similar results were obtained for F3BA films upon heating (Figure 3). Another impor- 
20 lant feature in the FL spectra is that the intensity did not decrease after a thermal 
treatment in vacuum. Tbese results indicated that the cioss-linking process used here 
did not cause substantial changes in the optical properties of this li^t-emiufng mate- 
rial 
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The advantage of the double layer structure: 

r I 

For Uie comparison, fliree device stnictmes were used as follows (Figure 4): 

25 
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(a 



Figure 4 



(C 



Devices with a double layer structure were successfully fabricated using CzBA and 
F3BA. The CzBA layer functioned as a hole-transporting layer, and F3BA fiinctioned 
15 as an emissive and electron-transporiing Jayer. The following are the device perform- 
ance data of OLEDs based on a CzBA and F3B A double layer structure and a F3B A 
single layer structure: 

1. At the same electric field strength, the double layer smicture device conducts 
much more electric cuireni (current =:hole current + electron current) (Rgnre 
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Figure 5 

2. At the same electric field strength, the double layer sirucmre device emits 
more incense light than the single layered device (Figure 6). 
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Figures 

3. At the same electric current density, the double layer structure device emits 
more incense light, i. e. the device e£riciency is much higher, than the singjie 
layer structure device (Figure 7). 
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^0 , Figure 7 

4. The electroluminescence (EL) spectrum of the CzBA/FjBA double layer de- 
vice is identical to the photoluminescence spectnim of F3BA thin film (peaked 
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at 41 6nin). However, the EL spectrum of a sin^e layer F3BA device is veiy 
different from the PL of F3BA thin film. There is a very broad long- 

« 

wavelength shoulder appeared in Ihe range of 500-700 nm (Figure 8), that 
might be caused by imbalanced charge injection (i.e., electrons » holes) in 
the device. 
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25 A double layer stnictore has been fabricated successfully by spin-coadng CzBA and 
F3BA solution and the subsequent mild thermal treatment This demonstrated that the 
thermal dehydration of diboronic acids to form cxoss-lmked networks could be used 
as an easy and eifective approach 10 fabricate double or multi-layered devices. Our 
preliminary experiments on Am film and device processing show that the thin films 
30 are quite uniform as indicated by die uniform thickness interference pattern, and uni- 
forai light emission area, which depends strongly on the layer thickness- The CzBA 
layer plays a role of hole-tnmsporling layer, while the F3B A layer ftmctions as both 
an electron-transporting layer and a light-emitting layer. The face that the fluores- 
cence intensity did not decrease after a thannal creaimeni ai 130 **C indicates the 
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cio$s-lin1cing process is useful in enhancing the theimal stability, especially for fluo- 
rene-based compounds, winch are know spectrally unstable upon heat treatment. The 
maximum luminance value recorded for the CzBA/F3BA double layer device is 
around 170 cd/m\ Tins value is obtained from a luminance meter which is calibrated 
5 as a photopic response device (Figure 9). 
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Figure 9 CIE specml luodnous eSBckncy functions for phofopic vision, V(X), and scotopic 

vxsion,V(Jl). 
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The advantage of using boronic acid groups: 

Applying dehydration of boronic acids to fiabricate multi-layered thin films has several 
advantages: 

L Processability by conventional spin-coating technology and very mild 
cross-linking conditions (room temperalure - 130 under vacuum) al- 
low cost-effective fabrication of thin films, 
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IL The crosslinking reactions do not zequire any inidators and can be car- 
ried out under quite low temperatures (as low as room temperature) with 
water as the only by-product that can be easily removed under vacuum. 



m. Multi-layered device structure can be easily realized using materials con- 
taining organoboronic acid groups. Wc have demonstrated that a CzB A 



layer and an FSB A layer can be stacked on each other forming double 



the sum of the two individual layers. Figures 5-7 illustrates that wo have 
incorporated desired hole-transporting^ electron-transporting and emis- 
sive properties into a double layer devices using CzBA and FSB A, and 
each.layeri'uncdoned.as.designed ' 

IV, Because each layer is cross-linked before applying die next layer, tfiis 
technique can be applied to multi-layer structure or "super-latlice" type 
structure, not like the solubility based technique that only allows very 
limited layers. 

V. High purity and mono-disperse chromophores give unifonn optical and 
electronic properties and minimise the defects in the devices. 

VL No unstable or harmfHii terminal groups as in other oligomers or poly- 
mers, which could detract from the devices' stability. 



Therefore there is no generation of highly reactive radicals involved and 
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no harmful initiator redidues left in the materials/ 



layer structure; the total thickness of the double layer structure equals to 
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VIL Thennally stable (organic/inorganic hybrid materials) as indicated in 
Figures 2 & 3 by comparing the photolmninescent spectrum and inten- 
sity before and af^ a dieimal treatment in vacaum at 130 °C for two 
hours. 

Because organic light emitting devices are very sensitive to the chazge 
mobiUty, HOMO-LUMO level positions, and interface quality, the dem- 
onstration of a working QLED device indicate a reasonably good inter- 
face structure between the CzB A and FSB A layers. Since OLED is only 
used here as a testing vehicle, we expect the same film processing tech- 
nique (using organoboronic acid groups as end caps) can be applied to 
the fabrication of photovoltaic cells, photonic mnlti-layer structures, and 
other electronic/optical devices, 

JK. The properties of each layer are easily tunable by varying functional 
units in the boronic acid precursor or by simply mixing different precur- 
sors. There arc veiy wide selections of functional units for the precursors 
widi different optical and physical properties. On die other hand, the 
crosslinkmg of boronic acid groups could enhance compatibility of dif- 
ferent components in the layer, and therefore could improve targeted 
properties. 

Because of the end group crosslinking of the precursors, the amorphous 
morphology of the layers can be stabilized. The structure widi such high 
crosslinkix^ density will efficiently prevent any aggregation and crystal- 
lization, which is usually found In PLED and OLED devices, and cause 
the performance of the device to decline. 
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